Besides the established central role of poly(ADP-ribose) polymerase-1 (Parp-1) and Parp-2 in the maintenance of genomic integrity, accumulating evidence indicates that poly(ADP-ribosyl)ation may modulate epigenetic modifications under physiological conditions. Here, we provide in vivo evidence for the pleiotropic involvement of Parp-2 in both meiotic and postmeiotic processes. We show that Parp-2-deficient mice exhibit severely impaired spermatogenesis, with a defect in prophase of meiosis I characterized by massive apoptosis at pachytene and metaphase I stages. Although Parp-2 ؊/؊ spermatocytes exhibit normal telomere dynamics and normal chromosome synapsis, they display defective meiotic sex chromosome inactivation associated with derailed regulation of histone acetylation and methylation and up-regulated X-and Y-linked gene expression. Furthermore, a drastically reduced number of crossover-associated Mlh1 foci are associated with chromosome missegregation at metaphase I. Moreover, Parp-2 ؊/؊ spermatids are severely compromised in differentiation and exhibit a marked delay in nuclear elongation. Altogether, our findings indicate that, in addition to its well known role in DNA repair, Parp-2 exerts essential functions during meiosis I and haploid gamete differentiation.
O
f all epigenetic regulatory mechanisms that control chromatin structure and genome integrity in response to DNA damage, the modifications of histones and other nuclear proteins by poly-(ADP-ribose) polymers catalyzed by poly(ADP-ribose) polymerases (PARPs) play an immediate and crucial role. PARP enzymes contain a conserved catalytic domain and constitute a superfamily of 17 proteins, encoded by 17 different genes (1) . PARP-1, the founding member, and PARP-2 are so far the only characterized enzymes whose catalytic activity is stimulated by DNA strand breaks and are active players in the base excision repair process (2, 3) . Parp-1 and Parp-2 knockout mice and their derived cells are more sensitive both to ionizing radiation and to alkylating agents than their WT counterparts, thus supporting a role of both Parp-1 and Parp-2 proteins in the cellular response to DNA damage (4) . Moreover, double Parp-1 Ϫ/Ϫ Parp-2 Ϫ/Ϫ embryos die at gastrulation, whereas a specific female lethality related to X chromosome instability is associated with the Parp-1 ϩ/Ϫ Parp-2 Ϫ/Ϫ genotype (4). Spermatogenesis is a highly ordered differentiation process that includes two successive cellular divisions (meiosis I and II) taking place without any intervening DNA replication and yielding genetically diverse haploid gametes. During meiotic prophase I, homologous chromosomes align, pair, and undergo meiotic recombination, three steps essential to ensure correct chromosome segregation in the reductional meiosis I division. These processes are dependent on accurate telomere clustering and subsequent formation of a meiosis-specific protein zipper, the synaptonemal complex, between paired homologues (5) .
Several lines of evidence emphasize the prominent role of an increasing number of DNA repair-associated proteins, including ATM (6), BRCA1 (7), H2AX (8) , MLH1 (9) , and MSH5 (10) in mammalian gametogenesis. Knockout mouse models in which one of these genes is inactivated display male and͞or female sterility. Epigenetic modifications also play a critical role at both meiotic and postmeiotic stages of spermatogenesis. Indeed, posttranslational modifications of histones were shown to promote double-strand break formation (11) , facilitate recognition of homologous chromosomes (12) , regulate chromosome segregation (13) , and control spermatid differentiation (14) . Thus, mice carrying mutations in genes encoding epigenetic regulators such as Suv39h (13) , HR6B (14) , UBR2 (15) , and HR23B (16) display male infertility associated with pleiotropic defects of spermatogenesis.
Quite remarkably, poly(ADP-ribosyl)ation contributes substantially to both DNA repair mechanisms (4, 17) and epigenetic information in various physiological conditions (18) (19) (20) . However, the functional relevance of these properties for mammalian meiosis remains elusive.
We have recently reported distinct expression patterns of Parp-1 and Parp-2 in the seminiferous epithelium (3). The expression of Parp-1 is restricted to the peripheral cell layer containing proliferating spermatogonia, whereas the Parp-2 signal is very homogeneously distributed throughout the seminiferous tubules, thus suggesting that Parp-2 could be crucial for several aspects of spermatogenesis. Here, we describe male hypofertility in Parp-2-deficient mice that relates to defects in both meiosis I and spermiogenesis.
Results

Parp-2-Deficient Male Mice Are Hypofertile Because of Abnormalities
in Meiosis I and Spermiogenesis. Parp-2 is highly expressed throughout the prepubertal wave of mouse spermatogenesis, as well as in elutriated pachytene spermatocytes and spermatids of adult mice (Fig. 1A) , suggesting a role of this protein in the complex process of spermatogenesis. To test this hypothesis further, we performed breeding experiments with Parp-2 knockout mice and found that Parp-2-deficient males display an incompletely penetrant hypofertility (Fig. 1B) . We therefore undertook an in-depth analysis of spermatogenesis in the sterile Parp-2-null males. At necropsy, the Parp-2 Ϫ/Ϫ testes were markedly smaller than age-matched WT testes, and their weight was reduced by Ϸ70% (Fig. 1C) . The epididymal sperm counts were reduced to less than 0.1% of those of WT mice, and the rare mutant spermatozoa were immobile and displayed a necrotic appearance (Fig. 1D) . On histological sections, the twelve (I-XII) stages of the seminiferous epithelium cycle could be identified. However, this epithelium was clearly abnormal because (i) a large number of spermatocytes in meiotic prophase and metaphase I displayed obvious features of apoptosis or necrosis (compare dP in Fig. 1Eb with P in Fig. 1Ea and dM in Fig. 1Ef with M in 1Ee, and Fig. 5A , which is published as supporting information on the PNAS web site); and (ii) elongation of all of the spermatids beyond step 12 was delayed (compare St7, St9, St12, and St15 in Fig.  1 Ea, Ec, Ee, and Eg and 1 Eb, Ed, Ef, and Eh), and fully elongated, mature (step 16) spermatids, normally observed during epithelial stage VII, were either absent or displayed picnotic nuclei (compare dSt16 in Fig. 1Eb with St16 in Fig. 1Ea and Fig. 5A ). All these abnormal germ cell types filled the Parp-2 Ϫ/Ϫ epididymides, which only rarely contained spermatozoa, whereas WT epididymides contained spermatozoa only ( Fig. 5 A and B) . In keeping with these observations, FACS analysis of the frequency of the testicular cell types of Parp-2 Ϫ/Ϫ versus WT mice revealed a relative increase of tetraploid cells, possibly reflecting meiosis I delay or demise of subsequent stages, and a corresponding drop in haploid cells (Fig.  6A , which is published as supporting information on the PNAS web site).
Increased Apoptosis in Parp-2-Deficient Testis. To investigate the causes of the morphological defects, we performed TUNEL staining on histological sections from Parp-2-deficient and WT testes. Parp-2 Ϫ/Ϫ seminiferous tubules showed a high frequency of apoptotic cells in the spermatocyte and spermatid layers, whereas the peripheral germ cell layer containing the spermatogonia and preleptotene spermatocytes was unaffected (Fig. 2A, with Ab). WT tubule sections only occasionally contained TUNELpositive cells. Closer examination of the tubule sections identified cell death occurring at the same frequency (Ϸ30%) in pachytene spermatocytes, spermatocytes in metaphases I, and round spermatids in accordance with the histological analysis (Fig. 2B ). Accordingly, a high level of DNA fragmentation was detected by alkaline Comet assay in both primary spermatocytes and haploid cells (Fig.  6B ). The identification of apoptosis in three different Parp-2-deficient germ cell types suggests a pleiotropic involvement of Parp-2 at both meiotic and postmeiotic stages of spermatogenesis.
To gain deeper insights into the in vivo roles of Parp-2, we next looked for possible defects preceding apoptosis.
Normal Telomere Clustering in Parp-2-Deficient Spermatocytes. Apoptosis during prophase I has previously been associated with defects in telomere arrangement as described for Atm (21), H2ax (22, 23) , and Sycp3 (24) knockout mice. We have recently identified an interaction of Parp-2 with the telomeric protein TRF2 (2), whose ortholog in Schizosaccharomyces pombe, Taz1, was found to be necessary for normal telomere clustering (25) . In mouse spermatocytes, telomere repeats and associated proteins localize to telomere͞nuclear envelope attachments (24) . To determine whether Parp-2 may be involved in meiotic telomere dynamics, telomere and centromere redistribution was investigated by FISH to spermatocyte nuclei of WT and Parp-2 Ϫ/Ϫ mice (Fig. 7A , which is published as supporting information on the PNAS web site). In contrast to Parp-2's role in the maintenance of telomere integrity in somatic cells (2), we found normal telomere dynamics in Parp-2 Ϫ/Ϫ spermatocytes, suggesting that it is dispensable for telomere attachment and clustering during the first meiotic prophase (Fig. 7A ).
Impaired Meiotic Sex Chromosome Inactivation (MSCI) in Parp-2-
Deficient Spermatocytes. Pachytene spermatocyte apoptosis is often observed in cases of defects in chromosome structure or synaptic failure (10, 26) . We therefore performed immunofluorescence on chromosome spreads using an anti-Sycp3 antibody specific for chromosome cores and staining the synaptonemal complex in combination with a CREST antiserum to label the centromeres. At pachytene, all autosomal homologues were fully synapsed in Parp-2 Ϫ/Ϫ spermatocytes, as was the case in WT spermatocytes ( To further investigate this abnormality, we first carried out combined immunostaining of Sycp3 and Parp-2 on chromosomes spreads. In WT pachytene spermatocytes, but not in their mutant counterparts, Parp-2 was concentrated in the heterochromatic subnuclear region of the XY body (Fig. 3A Right) . Additionally, Parp-2 and poly(ADP-ribose) formation colocalized with macrohistone H2A1 onto the XY body in elutriated WT pachytene spermatocytes (Fig. 8A , which is published as supporting information on the PNAS web site). Together, these findings suggest an involvement of Parp-2 in the function of the sex body during the pachytene stage of meiosis. The XY subnuclear domain is characterized by the transcriptional silencing of X-and Y-linked genes, an event termed MSCI, which is known to be mediated by dynamic histone modifications (27) and exclusion of RNA polymerase II (28) . To investigate a potential involvement of Parp-2 in MSCI, we stained meiotic chromosome spreads of WT and Parp-2 Ϫ/Ϫ testis with combined anti-␥H2AX (labeling the sex body) and anti-RNA polymerase II antibodies. In WT pachytene cells, RNA polII was always excluded from the sex body, indicating normal MSCI. In contrast, we identified a homogeneous distribution of RNA polII, including the XY body in Ϸ30% of Parp-2 Ϫ/Ϫ pachytene spermatocytes (Fig. 3B ), suggesting failure in sex chromosome inactivation. We next determined whether specific X and Y genes that were previously reported to be targets of MSCI were affected by the absence of Parp-2. We compared the expression of the X-linked genes Fthl17 and Usp26, the Y-linked genes Rbmy and Ube1y1, and the autosomal gene Mlh1 in WT and Parp-2 Ϫ/Ϫ testis by quantitative RT-PCR (Fig. 3C) We next examined the defect in Parp-2 Ϫ/Ϫ testes at metaphase I. Indeed, histological analysis of Parp-2 Ϫ/Ϫ tubule sections at epithe- lial stage XII showed clusters of metaphase I spermatocytes undergoing cell death (Figs. 4A and 1E ). Closer examination of these cells and coimmunostaining of sections using anti-phosphohistone H3, a metaphase marker, and anti-tubulin antibodies indicated the presence of abnormal metaphase I figures displaying essentially misaligned or lagging chromosomes combined with apparent abnormal bipolar spindle formation (Fig. 8B ).
Proper orientation of homologous chromosomes in the meiotic spindle and accurate segregation at the first meiotic division depend on the formation of chiasmata that hold homologous chromosomes together (31) . To investigate maintenance of chiasmata, we coimmunostained WT and Parp-2 Ϫ/Ϫ chromosome spreads for detection of Sycp1, which identifies pachytene cells with complete synapsis (32) , and Mlh1, a mismatch repair protein that marks sites of future chiasmata (33) (Fig. 4B) . In WT spermatocytes, we observed an average of 26.3 Ϯ 1 Mlh1 foci per nucleus (n ϭ 100). By contrast, Parp-2 Ϫ/Ϫ spermatocytes displayed an average of 10.8 Ϯ 4 Mlh1 foci per spermatocyte (n ϭ 100), indicating a failure to either form or maintain chiasmata in the absence of Parp-2. Accordingly, air-dried DAPI-stained chromosomal preparations of WT and Parp-2 Ϫ/Ϫ spermatocytes revealed univalent chromosomes in Ϸ36 Ϯ 6% (P ϭ 0,006) of Parp-2 Ϫ/Ϫ metaphase I cells (n ϭ 75), translating in some cases to abnormal Parp-2 Ϫ/Ϫ metaphase II figures, with more than the 20 chromosomes observed in WT metaphase I cells (Fig. 4C) . The extensive occurrence of these chromosomal misconfigurations, together with the abnormal metaphase figures observed at the histological level, likely suggests premature separation of the abnormal bivalents, which can be expected to activate the spindle checkpoint and trigger the observed apoptosis.
Discussion
So far, no spontaneous phenotype has been ascribed to Parp-2-deficient mice. Here, we show that the absence of Parp-2 in mice leads to male hypofertility associated with important abnormalities at various steps throughout spermatogenesis that are in line with the high level of Parp-2 in meiotic and postmeiotic cells. Parp-2-deficient mice display defective MSCI linked with an up-regulation of X-and Y-linked genes, defective meiosis I characterized by segregation failure in the first meiotic division and delayed spermiogenesis. The initiation of meiotic recombination seems unaffected by the absence of Parp-2, because we found a WT-like distribution of ␥H2AX in the early prophase stages of Parp-2 Ϫ/Ϫ spermatocytes, indicating that Spo11-dependent double-strand breaks are formed and repaired with WT-like kinetics (Fig. 9A , which is published as supporting information on the PNAS web site). Therefore, the numerous defects observed are probably not limited to an early, single defect but underline an essential and pleiotropic role of Parp-2 in both meiotic and postmeiotic processes.
The preferential localization of Parp-2 and poly(ADP-ribose) on the XY body in pachytene spermatocytes associated with a failure of Parp-2 Ϫ/Ϫ spermatocytes to inactivate gonosomal genes suggests a role of Parp-2 in MSCI. How might Parp-2 activity regulate this process? The conserved intense signal of ␥H2AX on the sex body of Parp-2 Ϫ/Ϫ spermatocytes indicates normal sex body formation and suggests that Parp-2 might not be required for the initiation of X-and Y-linked gene silencing by unpaired DNA (34, 35) but may rather be involved in the maintenance of an inactive chromatin state. Recently, the important and specific property of dynamic histone modifications in the regulation and the maintenance of the silenced transcriptional state of the XY body has been revealed (27, 36, 37) . Accordingly, we found derailed regulation of histone methylation and acetylation in Parp-2 Ϫ/Ϫ spermatocytes (Fig. 9B) , providing evidence for an interplay between Parp-2 dependent poly(ADP-ribosyl)ation and different histone modifications that could account for various meiotic defects including MSCI. Alternatively, possible functional interaction of Parp-2 and a specific partner in the XY body that might govern transcriptional repression formally cannot be excluded. Based on the recent observations that sex-linked gene silencing initiated by MSCI might persist during spermiogenesis (35, 37) , it will be pertinent to ask whether the absence of Parp-2 might also impair postmeiotic repression in spermatids. In addition, if this preinactivation process might control imprinted X chromosome inactivation in female embryos, as suggested (38, 39) , it is tempting to propose that the impaired sex chromosome inactivation in Parp-2 Ϫ/Ϫ spermatocytes could be related to the embryonic lethality of the Parp-1 ϩ/Ϫ Parp-2 Ϫ/Ϫ mice (4). This hypothesis opens new challenging avenues in the quest for a potential function of Parp-2 activity in the epigenetic modifications regulating X chromosome inactivation.
Our data further show a reduced number of Mlh1 foci in Parp-2 Ϫ/Ϫ spermatocytes associated with an accumulation of aberrant metaphase I spermatocytes displaying univalents and leading to aneuploid metaphase II spermatocytes. The latter may also contribute to the elevated number of tetraploids measured by FACS. Together, these data indicate segregation failure in the first meiotic division and assign an essential role of Parp-2 in the control of meiotic chromosome segregation. How could Parp-2 be connected to chiasmata integrity and faithful bivalent segregation? Although a possible direct participation of Parp-2 and͞or poly (ADP-ribose) in the repair of double-strand breaks remains unclear, we can speculate that, during spermatogenesis, Parp-2 could participate in the resolution of recombination intermediates during double-strand break repair, which may be achieved by the association with, and poly(ADP-ribosyl)ation of, yet-to-be identified recombination proteins. Accordingly, we have observed specific high affinity of Parp-2 for recombination intermediates (our unpublished data). Alternatively, by analogy to the proposed role of Parp-2 in the maintenance of centromeric heterochromatin integrity in somatic cells (4) , it is likely that meiotic chromosome missegregation could be a direct consequence of defective centromeric heterochromatin in Parp-2 Ϫ/Ϫ metaphase I spermatocytes. This hypothesis would then implicate Parp-2 in the control of centromeric integrity and͞or cohesion either by the functional association with specific interactants or by its participation in the definition of the centromeric heterochromatin structure. Interestingly, a similar phenotype was previously described in mice knockout for the epigenetic regulator Suv39h (13) . Additionally, Parp-2 Ϫ/Ϫ metaphase I figures display abnormal spindle configurations. In this respect, it is interesting to note that poly(ADP-ribose) has been previously shown to be required for spindle assembly and maintenance in somatic cells (40) . Together, these observations suggest that the metaphase I defect could additionally be related to a defect in spindle formation and argue for a possible unexpected role of Parp-2 in the maintenance of meiotic spindle integrity.
Another important observation reported here is the markedly retarded nuclear elongation process that leads to derailed spermiogenesis. These data suggest that Parp-2, in addition to the transition proteins, protamines, and histone variants, is required for normal spermatid differentiation (41, 42) . It remains to be determined whether Parp-2-dependent poly(ADP-ribosyl)ation of the testis-specific histone variants and͞or basic proteins contributes to their sequential and highly regulated replacement necessary for proper chromatin condensation. This study would identify Parp-2 as an epigenetic regulator controlling the differentiation process of spermatids into spermatozoa in addition to the previously described chromatin modifier enzyme HR6B (14) .
In conclusion, the present study provides in vivo evidence for the pleiotropic involvement of Parp-2 in both meiosis and spermiogenesis and opens the way to forthcoming fascinating issues that will investigate the multifunctional role of this protein throughout spermatogenesis. Finally, the essential roles of Parp-2 in spermatogenesis reported here raise the possibility that an impairment of this protein could be a novel and so far unrecognized cause of infertility in humans. 
Materials and Methods
Mice. Parp-2-deficient mouse lines (C57BL͞6;129sv background) have been described (4). Six-month-old WT and Parp-2-deficient (Parp-2 Ϫ/Ϫ ) mice were used in all experiments. Incomplete penetrant hypofertility associated with derailed spermatogenesis was also identified in the 129sv background mice, thus likely ruling out any major influence of the genetic background (data not shown).
Testicular Cell Elutriation and Western Blot Analysis. Testes were collected from 15 WT 6-week-old mice, and populations of primary spermatocytes and round spermatids were purified by centrifugal elutriation as described by Meistrich et al. (43) . Sertoli cell cultures were prepared as reported (44) . Testes at different ages of development and purified testicular cells were lysed in Laemmli buffer. Equivalent amounts of proteins were separated onto 10% SDS polyacrylamide gels, and Parp-2 was detected by using an antiParp-2 antibody (Yuc, 1:4,000) according to standard protocols (4).
Histology and TUNEL Assay. For histological analysis, testes were perfusion-fixed with 2.5% buffered glutaraldehyde and embedded in epon, and 2 m-thick sections were stained with toluidine blue. Stages of the seminiferous epithelium cycle were identified according to established morphological criteria (45) . For TUNEL assays, testes were fixed in 4% formaldehyde in PBS, paraffin-embedded, and sectioned at 5 m. The TUNEL assays were performed with the ApoAlert DNA Fragmentation Assay Kit (BD Biosciences, San Jose, CA) according to the manufacturer's instructions.
Cytology and Immunocytochemistry. For immunostaining, meiotic cell spreads were prepared by the drying-down technique (46) and stained according to standard protocols (2). Primary antibodies used for immunofluorescence were rabbit anti-Sycp1 (1:500), rabbit anti-Sycp3 Diego, CA). For studies of metaphase chromosomes, testis cell suspensions were prepared according to Wiltshire et al. (47) and exposed to 5 M okadaic acid for 6 h to induce pachytene cells to enter metaphase I. Chromosome spreads were made by using the air-drying method and DAPI-stained (48) .
Quantitative RT-PCR. Quantitative RT-PCR using total testis RNA samples was performed by using the LightCycler FastStart DNA Master PLUS SYBR Green I kit following the manufacturer's instructions (Roche Applied Science, Penzberg, Germany) in combination with the LightCycler Detection System. The PCR products were analyzed with the manufacturer's software. The following primer sequences were used : Fthl17-5Ј, 5Ј-CAGCAGGTCGA-CATTTTGAA-3Ј; Fthl17-3Ј, 5Ј-GGCTGAGCTTGTCAAA-GAGG-3Ј; Usp26-5Ј, 5Ј-GAGGCCCAAAAGTACCAACA-3Ј; Usp26-3Ј, 5Ј-TTCCTGGGAGATTGGTTTTG-3Ј; Rbmy-5Ј, 5Ј-CAAGAAGAGACCACCATCCT-3Ј; Rbmy-3Ј, 5Ј-CTCCCA-GAAGAACTCACATT-3Ј; Ube1y1-5Ј, 5Ј-TTCTTCCAAAA-GCTGGATGG-3Ј; Ube1y1-3Ј, 5Ј-TTCCAGCAGAGGCT-TACGAT-3Ј; ␤-actin-5Ј, 5Ј-CTGGCACCACACCTTCTACA-3Ј; ␤-actin-3Ј, 5Ј-CTTTTCACGGTTGGCCTTAG-3Ј; Mlh1-5Ј, 5Ј-GGGAGGACTCTGATGTGGAA-3Ј; Mlh1-3Ј, 5Ј-ACTCAA-GACGCTGGTGAGGT-3Ј.
Supporting Materials and Methods. Flow cytometric analysis of DNA content of testis cells, Comet assays of testis cells, analysis of meiotic telomere behavior, and additional cytology and immunocytochemistry are described in Supporting Materials and Methods, which is published as supporting information on the PNAS web site.
